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I. INTRODUCTION
Since the discovery in the late 1980's by Oka and coworkers 1 of astonishingly sharp infrared (IR) absorption lines in doped cryogenic parahydrogen (pH 2 ) solids, the popularity of pH 2 as a host for matrix isolation spectroscopy (MIS) has grown steadily. The favorable properties of pH 2 as a matrix host have been discussed at length, 1 " 6 and summarized quite recently, 3 so we will not re-enumerate them here. Rather, we focus our attention more narrowly onto issues arising from the comparison of MIS experiments performed on pH 2 solids prepared in different laboratories.
Liquid pH 2 crystallizes into a hexagonal close-packed (hep) solid upon slow cooling below T = 13.8 K; however, this process cannot generally be used to prepare doped solids. Two principal methods for producing thick, transparent, doped pH 2 solids have emerged: gas condensation in an enclosed cell 2 ' 3 held at T « 8 K, and rapid vapor deposition 5, 6 onto a much colder substrate in vacuum. Since these solids can be produced under highly non^equilibrium conditions they might contain a variety of metastable microscopic structures, 7 suggesting a corresponding variety of perturbations to the spectroscopy of dopant molecules. This manuscript addresses this connection between the observed rovibrational spectroscopy of dopant molecules and the microscopic structure of the pH 2 host for the specific case of methane doped parahydrogen (CH 4 /pH 2 ) solids.
IR absorption spectra of CH 4 /pH 2 solids produced by gas condensation in an enclosed cell at T « 8 K have been previously reported. 8 " 10 Detailed analysis shows the existence of quantized CH 4 rotational states, with all spectral features consistent with trapping of CH 4 14 We define the crystal axis such that hydrogen molecules occupy the lattice points located at R, = /,a, + / 2 a 2 + / 3 a 3 where a, = a(i + j), In order to analyze the rovibrational states of methane interacting with parahydrogen, we need to consider the interaction which depends only on the orientation of methane. The interaction potential for a methane in an fee crystal has to be invariant under any symmetry operation of the extended group Gf cc . Thus, the functional form of the potential can be obtained directly from the group theory. The first anisotropic potential is found to be
where Q is the orientation of methane relative to the z-axis of the crystal. Note that the functional form of the potential in Eq.
(1) depends on the definition of the crystal and molecule axes. 15 Final Draft 27 Apr 99
As is seen in Eq.
(1), the first anisotropic interaction of methane in an fee crystal is expressed in terms of the fourth order rotation matrix. On the other hand, the lowest order anisotropic interaction potential in an hep crystal is found to be expressed by the third order matrix. 8 The difference comes from the different symmetry between two crystal structures: the fee lattice is higher in symmetry than the hep lattice.
The difference is more easily understood by constructing the interaction potential from all the pairwise intermolecular interactions between the methane and hydrogen molecules in a crystal. The first two symmetry adapted interaction functions for a single pair of a methane and a hydrogen molecule are given as:
and v 4 (*,ffl) = fl 4 (Ä)^|^{Di2M (3) where R is the distance between the methane and hydrogen molecules and co is the orientation of methane relative to the pair axis between the two molecules. The symbols a 3 (i?) and a 4 (i?) are the distance dependent coefficients for these interactions. The pairwise potentials in Eqs. (2) and (3) are more concisely written as:
where 1=3, 4 and A' k is a proper coefficient, i.e. A\ 2 = +//V2 , A^4 = V3Ö/12, and A\ = V21/6.
Since the interaction between methane and parahydrogen is mainly due to the dispersion force which is nearly additive, the interaction potential in the crystal can be obtained as a summation 
.
m=-l k=-l
Here, the symbol Sf m is a crystal sum defined as:
7=2
where S=7 for 1=3 and £=8 for /=4, i? 0 is the nearest neighbor distance, Rj is the distance between the methane and they'-th hydrogen molecule, and the angle Q^. is the orientation of the pair axis between the methane and they-th hydrogen molecule relative to the crystal axis. Note that the crystal sum S^, depends only on the configuration of the molecules in the lattice.
In the case of an hep crystal the crystal sum for 1=3, m=±3 is not zero, and thus the third order potential caused by the pairwise interaction of Eq. 
B. Order Estimation
Since the potential in an fee crystal is a function of the fourth order Wigner's matrix, the splittings of rotational Msublevels are expected to be small compared with that in hep crystal. The J=\ ground vibrational state belongs to F x F x symmetry in the extended group.
Thus, the crystal field of 0/j symmetry does not lift the degeneracy of the M-sub levels of J=\ as shown in figure 1 . This is in contrast to the case of methane in the hep crystal where the Msublevels of J=\ split into two due to the crystal field of D^h symmetry. In the same way, no splitting of the M-sublevels of J=\ is expected in the excited vibrational state in the fee crystal.
The splitting caused by the crystal field of O^ symmetry first appears at v=l, J=2, R=\ levels having F 1 F 2 and EF 2 symmetries. By the use of the crystal field value of s{ cc = -6.2 cm" 1 , the splitting width of this level is numerically calculated to be ~ 0.01 cm" 1 .
Thus, for the infrared absorption spectrum of methane in the fee crystal we expect only one absorption line for each rotational branch P(l), Q(l), and R(0), while the R(l) branch should appear as a doublet with a splitting of-0.01 cm" 1 . These predictions are based on the assumption that the crystal structure is perfect. If there are some imperfection of the crystal stacking (as will be discussed later),the symmetry of the crystal field is further reduced, which may cause additional small splittings even in J=\ rotational levels.
III. EXPERIMENTAL
A. Kyoto University We also observe small, but experimentally significant, differences in the transition frequencies between the rapid vapor deposited samples and the sample condensed in an enclosed cell, as is seen in figure 5 and TableJI. These spectral differences are mainly explained by
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C. Other Possible Microscopic Structures for Vapor Deposited pH 2 Solids
Although we have discussed the spectra obtained from rapid vapor deposited CH 4 In an attempt to directly observe the effects of increasing structural disorder on the spectroscopy of CH 4 /pH 2 solids, we performed a series of sample in vacuum depositions >2 El 1 | j -2,2-2) +12,2-2) +1-2,2,2) +12,2,2)], -)=|o,2,-2) + |0,2,2)],
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